The malaria parasite Plasmodium falciparum faces drastic osmotic changes during kidney passages and is engaged in the massive biosynthesis of glycerolipids during its development in the blood-stage. We identified a single aquaglyceroporin (PfAQP) in the nearly finished genome of P. falciparum with highest similarity to the Escherichia coli glycerol facilitator (50.4%), but both canonical Asn-Pro-Ala (NPA) motifs in the pore region are changed to Asn-Leu-Ala (NLA) and Asn-Pro-Ser (NPS), respectively. Expression in Xenopus oocytes renders them highly permeable for both water and glycerol. Sugar alcohols up to five carbons and urea pass the pore. Mutation analyses of the NLA/NPS motifs showed their structural importance, but the symmetrical pore properties were maintained. PfAQP is expressed in blood-stage parasites throughout the development from rings via trophozoites to schizonts and is localized to the parasite but not to the erythrocyte cytoplasm or membrane. Its unique bi-functionality indicates functions in the protection from osmotic stress and efficiently provides access to the serum glycerol pool for the use in ATP generation and primarily in the phospholipid synthesis.
Malaria research profits tremendously from the efforts in genomic data acquisition from the Plasmodium sp. parasite. More than 27 megabases of genomic nucleotide information were available by October 2000 covering the 14 chromosomes to at least 90% (1) . Now, chromosomes 2, 3, and 5 are complete; the others are in the final, gap closing stage. Using genome data, Woodrow et al. (2) identified a high affinity hexose transporter that allows the parasite to take up its main energy source, glucose, from the host serum. Surolia and Surolia (3) found a key enzyme of a de novo glycerolipid synthesis pathway in the P. falciparum genome and showed its inhibition by triclosan. Until then, the parasite was thought to be fully dependent on the uptake of lipid precursors from the serum (4) .
The massive synthesis of phospholipids is a hallmark in the metabolism of blood-stage parasites be it from precursors or de novo. As soon as the free parasite in its merozoite form has invaded an erythrocyte it begins a series of major transformations accompanied by rapid growth (5) . In the ring stage, it starts to modulate the ionic composition of the red cell cytoplasm and a cytoadhesive protein (PfEMP1) with high affinity to blood vessel endothelia is inserted into the red cell membrane leading to sequestration (6) . The next, trophozoite stage is characterized by the highest rates of metabolism and growth (7) . Later, as schizonts, the parasite prepares its asexual multiplication by DNA replication. Finally, the red cell bursts and releases new schizont-derived merozoites to start another cycle. This 48-h process produces up to 32 merozoites, which means that the parasite has to multiply the amount of membrane lipids enormously (8) . The parasite is devoid of a pathway for cholesterol biosynthesis. All newly synthesized membrane lipids are of the glycerolipid variety, i.e. they are based on a glycerol backbone.
In mammals, two aquaporins (AQP) 1 of the aquaglyceroporin subfamily are thought to be major players in the glycerolipid metabolism. Aquaporins are a universal family of cellular water/ solute channels (9) . They are functionally divided into waterspecific channels (orthodox aquaporins) and aquaglyceroporins, which are permeated by mainly glycerol and some other solutes, whereas water transport is strongly limited. Generally, permeation is strictly passive according to the osmotic or solute gradient. Orthodox aquaporins serve vital functions in the water homeostasis of mammals (10) , whereas aquaglyceroporins are involved in metabolism. During lipolysis, the aquaglyceroporin AQP7 facilitates the release of glycerol from adipose tissue (11) and AQP9 likely permits the re-uptake in the liver for gluconeogenesis (12) . There is evidence that a third member of the aquaglyceroporin subfamily, AQP3, is present in human erythrocytes (13) . This finding is contrary to the results by Yang et al. (14) who did not detect differences in the red cell glycerol permeability of AQP3 knockout mice. Despite the controversy, the same authors show that red cells are characterized by facilitated glycerol permeability, which can be inhibited by phloretin.
The serum glycerol pool has not attracted much attention as a supply for the lipid biosynthesis in P. falciparum. The focus is strongly on glycolysis as a provider of the glycerolipid backbone. Here, we describe the biochemical characterization of an aquaglyceroporin from P. falciparum (PfAQP). Its bi-specific transport properties and the expression levels during the development of blood-stage parasites indicate functions in the osmo-protection of merozoites and rings; it simultaneously offers an efficient glycerol passage. We provide arguments showing that, besides the generation of glycerol 3-phosphate by reduction of glycolysis intermediates, the pathway of choice for P. falciparum lies in the uptake of glycerol directly from the host serum through PfAQP and subsequent phosphorylation by a glycerol kinase for glycerolipid synthesis. * This work was supported by the Deutsche Forschungsgemeinschaft and the Fonds der Chemischen Industrie. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 
MATERIALS AND METHODS
Culture of Blood-stage P. falciparum and Purification of Genomic DNA-Parasites from strain Binh1 (15) and strain 2042 (recently isolated from a diseased traveler) were cultivated at 5% hematocrit and 3-7% parasitemia according to the method by Trager and Jensen with modifications (16) . Briefly, RPMI 1640 medium was supplemented with 25 mM HEPES, 20 g/ml gentamicin sulfate, 2 mM glutamine, 200 mM hypoxanthine, and 0.5% Albumax II (Invitrogen). Cultures were incubated at 37°C in an atmosphere of 90% N 2 , 5% O 2 , and 5% CO 2 . Synchronization of parasites was done in 5% sorbitol twice within 6 h (17). Genomic DNA from cultured P. falciparum was isolated using the QIAamp DNA Blood Mini kit (Qiagen).
Cloning and Expression of PfAQP, Rat AQP1 and AQP3-The coding sequence of PfAQP was amplified by PCR from P. falciparum genomic DNA with the primers 5Ј-GAACTATATCACAATGCAT-3Ј (sense) and 5Ј-TATTACAAATCTACACCATC-3Ј (antisense). AQP1 and AQP3 were amplified from cDNA prepared from the endolymphatic sac of 4-day-old rats (18) using the primers 5Ј-CCCATATGGCCAGCGAAATCAAG-3Ј (sense), 5Ј-CGAATTCATTTGGGCTTCATCTC-3Ј (antisense) for AQP1 and 5Ј-AGCATATGAACCGTTGCGGGGAG-3Ј (sense), 5Ј-CGAATTCA-GATCTGCTCCTTGTG-3Ј (antisense) for AQP3. The PCR products were blunt-ended and ligated into SmaI-digested pBluescript II SK(Ϫ) for sequencing. For cRNA synthesis, PfAQP and AQP3 were excised by XbaI/HindIII restriction digest and AQP1 was digested with XhoI/ EcoRI. The fragments were subcloned into respective sites of pOG1, a vector derived from pBSTA containing the 5Ј-and 3Ј-untranslated regions of the ␤-globin gene of Xenopus laevis. cRNA transcription was carried out with T7 RNA polymerase (mMESSAGE mMACHINE transcription kit, Ambion) after linearization with NotI. Stage V and VI X. laevis oocytes were defolliculated by Collagenase A treatment (Roche Molecular Biochemicals) and injected with 50 nl of water or 2.5 ng of cRNA (PfAQP), 5 ng of cRNA (AQP1 and AQP3), or combinations of these in 50 nl of water. Subsequently, the oocytes were incubated in ND96 buffer (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES, pH 7.4) at 15°C for 3 days.
Standard Oocyte Swelling Assays-The oocytes were transferred either into 1:3 diluted ND96 for measuring water permeability or into isosmotic ND96, in which 65 mM NaCl was substituted by a 130 mM non-ionic test solute for assaying solute permeability. 96 mM NaCl was substituted by 96 mM choline-and ethanolamine-chloride. Isosmolality in the range of Ϯ10 mosM was confirmed with an osmometer (SemiMicro-Osmometer, Knauer). If indicated, 0.3 mM mercuric chloride was added 5 min before the assay. The swelling assays were carried out at room temperature and were video-monitored using a ϫ2.5 objective. The relative volume was calculated from the area covered by the oocyte. Osmotic water permeability (P f , in microns/s) was calculated from the oocyte surface area (S ϭ 0.045 cm 2 ), the initial oocyte volume (V 0 ϭ 9 ϫ 10 Ϫ4 cm 3 ), the initial slope of the relative volume increase (d(V/V 0 )/dt, in s Ϫ1 ), the molecular water volume (V w ϭ 18 cm 3 /mol), and the osmotic gradient (osm in Ϫ osm out ), by the following equation:
For the comparison of solute permeabilities the initial swelling rates (d(V/V 0 )/dt, in s Ϫ1 ) were used. Northern Blot Analysis-Northern blotting was done according to standard molecular biology protocols. Briefly, PfAQP total RNA was isolated (RNeasy total RNA kit, Qiagen), about 500 ng of RNA was separated on a formamide agarose gel and blotted onto nitrocellulose. A [␣-
32 P]dCTP-labeled DNA probe of 402 bp was generated with the PfAQP antisense primer shown above. Due to the high AϩT content of P. falciparum genes, the hybridization was carried out at 42°C, and washing was done three times for 30 min at 48°C.
Western Blot Analysis-Rabbit polyclonal antisera against the Cterminal peptide CPLVDLANNEKDGVDL (see Fig. 1C ) of P. falciparum were raised and antibodies were affinity-purified using agarose beads coupled with the immunizing peptide (SulfoLink kit, Pierce). Oocyte membranes were isolated according to Preston et al. (19) , resuspended in sample buffer (20) , and solubilized for 1 h at 37°C. Equivalent amounts to 1.2 oocytes per lane were electrophoresed into 12.5% SDS-polyacrylamide gels. Erythrocytes non-infected and infected with P. falciparum parasites were lysed by pipetting up and down in 5 volumes of hypotonic Na 2 HPO 4 buffer (7.5 mM, pH 7.5) with protease inhibitors (Complete, Roche Molecular Biochemicals). Samples were pelleted at 27,000 ϫ g for 30 min at 4°C and washed two times with the same buffer. The pellets were resuspended in Laemmli sample buffer and solubilized for 1 h at 37°C. Equivalent amounts to 5 l of parasite culture per lane were electrophoresed into 12.5% SDS-polyacrylamide gels. Subsequently, the proteins were transferred to polyvinylidene difluoride membranes (Macherey & Nagel), incubated with affinitypurified anti-PfAQP antiserum (1:2000) or anti-c-myc antiserum (1:500, rabbit polyclonal, Santa Cruz Biotechnologies) and detected with horseradish peroxidase-conjugated goat anti-rabbit antiserum (Dianova) using the ECL Plus system (Amersham Biosciences, Inc.).
Immunofluorescence Analysis-Blood smears were fixed with ice-cold methanol (Fig. 7A) or acetone (Fig. 7 , B and C) for 5 min. The samples were blocked with 4% BSA in 125 mM NaCl, 0.1% Tween 20, 25 mM Tris, pH 7.5 (TBS-T) for 30 min at room temperature and incubated with PfAQP antiserum (1:500 in TBS-T with 4% BSA) or PfAQP antiserum pre-blocked with the immunizing peptide (5 g/ml) for 1 h at room temperature. After three 10-min washes with TBS-T, the slides were incubated in fluorescein isothiocyanate-labeled goat-anti-rabbit antiserum (1:100 in TBS-T with 4% BSA) for 1 h and washed three times in TBS-T. Slides were mounted using SlowFade glycerol buffer (Molecular Probes).
RESULTS

Cloning and Sequence Analysis of an Aquaporin from P.
falciparum-BLAST searches in the nearly finished P. falciparum genome and expressed sequence tag data bases (available at www.plasmoDB.org) yielded a single potential aquaporin located on chromosome 11 of the parasite. The sequence contains an open reading frame of 774 bp with an AϩT content of 70.5% and has no indication of introns. Stretches with an AϩT content Ͼ85%, which are typical for intergenic regions in P. falciparum, on either side and an in-frame stop codon 54 bp upstream of the predicted start-methionine mark the boundaries of the coding region. Based on these data, we designed primers in the immediate 5Ј-and 3Ј-untranslated regions and were able to generate the expected PCR product from P. falciparum genomic DNA (see Fig. 1A ). We refer to this sequence as "PfAQP" for "P. falciparum aquaporin." The sequence has been submitted to the DDBJ/EMBL/GenBank TM data bases under accession number AJ413249.
Sequence alignments and phylogenetic tree analyses show that PfAQP falls into the aquaglyceroporin branch (Fig. 1B) . On the protein level, PfAQP has the highest similarity to the Escherichia coli glycerol facilitator (glpF) with 50% of similar and 35% of identical residues. A topology prediction based on the crystal structure of glpF (21) shows that especially the membrane residing protein parts are highly conserved (60% similar, 42% identical), although both canonical Asn-Pro-Ala (NPA) motifs in loops B and E are altered to Asn-Leu-Ala (NLA) and Asn-Pro-Ser (NPS), respectively (Fig. 1C) . 17 of the 20 amino acids that make direct contact to a passing glycerol molecule in glpF are conserved in PfAQP (diamonds in Fig.  1C ). No sites for secondary modifications such as phosphorylation or glycosylation are apparent in the sequence.
Expression of PfAQP in X. laevis Oocytes-The protein encoded by the PfAQP gene has a calculated molecular mass of 28.3 kDa. However, Western blot analysis of X. laevis oocytes expressing PfAQP using an affinity-purified antiserum raised against the C terminus of PfAQP shows a protein with an apparent size of only 21 kDa (Fig. 2) . To determine if the band represents the full-length PfAQP and to exclude protein degradation, a 51-bp extension coding for a c-myc tag (MEQKLI-SEEDL) plus a six-amino acid linker (SLIHTS) was added to the N terminus of PfAQP (myc-PfAQP), oocytes were injected with the respective cRNA, and the protein was analyzed by Western blot. The modification led to a shift in the apparent size, which is consistent with the 2.0-kDa mass of the added tag. No higher order bands indicating oligomers or glycosylated proteins, which are typical for aquaporins, were visible. The protein was detectable with both antisera, anti-c-myc and antiPfAQP, confirming that both termini are present and that the expressed PfAQP protein is intact (Fig. 2) . A similar anomaly in migration is sometimes seen with AQP1 as a second lower band 2 and hints to a very compact tertiary structure of these aquaporins. Untagged proteins were used for the following functional characterization.
Water and Glycerol Permeability of PfAQP-The basic transport characteristics of PfAQP were analyzed by oocyte swelling assays in comparison to the water-specific AQP1 and the aquaglyceroporin AQP3. Fig. 3A shows the initial swelling curves of oocytes expressing PfAQP, AQP1, or AQP3 after subjection to hypotonic shock in 1:3 diluted ND96 medium, which establishes an outwardly directed osmotic gradient of 140 mosM. AQP3-expressing oocytes show a low osmotic swelling rate due to limited water influx, whereas AQP1-injected oocytes swell rapidly indicating high water permeability. PfAQP appears to be a functional water channel resulting in oocyte-swelling rates close to AQP1. The P f values calculated from these curves (Fig.  3B) reveal that PfAQP has a 5-fold higher osmotic water permeability than AQP3 and renders the oocytes 16 times more water-permeable than control oocytes. With a P f value similar to that of AQP1 (276 versus 304 m s Ϫ1 ), PfAQP is a surprisingly efficient water channel. In the same test system, AQP2, 2 E. Beitz, unpublished observation.
FIG. 1. Sequence analysis of an aquaporin from P. falciparum (PfAQP).
A, primary DNA and deduced protein sequence of PfAQP. The unusual NLA and NPS motifs are highlighted. B, phylogenetic tree analysis showing the 10 known mammalian aquaporins (AQP0 -9) as well as the E. coli aquaporin AQPZ and the glycerol facilitator glpF. The gray shading highlights the aquaglyceroporin branch as a separation from the water-specific "orthodox" aquaporins. C, predicted topology of PfAQP. Residues labeled with white letters in dark gray circles are conserved between PfAQP and the E. coli glpF, residues labeled in light gray are similar to glpF, black diamonds mark residues that directly interact with glycerol in glpF. The C-terminal peptide (squares) from position 243 to 258 was used for the immunization of rabbits. The topology was plotted using the TeXtopo package (22) . The single-letter code for nucleotides and amino acids corresponds to the IUPAC conventions.
which is responsible for the regulated water reabsorption in the kidney collecting duct (10), accounted for a P f value of only 178 m s Ϫ1 (not shown). The same set of aquaporins was analyzed for glycerol permeability in an isosmotic swelling assay with a 130 mM inwardly directed gradient of glycerol. Under these conditions, swelling is initiated by glycerol entering the oocyte due to the concentration gradient. The glycerol permeation changes the cytosolic osmolarity resulting in a secondary influx of water. It is therefore important that the water permeability is sufficiently high in order not to become restrictive for the swelling process. To assure this, we injected oocytes with cRNA combinations of PfAQP with AQP1 and AQP3 with AQP1 in addition to PfAQP and AQP3 alone. Fig. 3C shows that the swelling rates are in the same order of magnitude as in the osmotic water permeability assay. In the case of AQP3, the abovedescribed effect of low water permeability is clearly visible. The glycerol-induced swelling is substantially faster when AQP1 cRNA is co-injected with AQP3. As expected, the water permeability of PfAQP is not limiting as seen by the minimal difference in the swelling curves with and without AQP1 co-injection. Control oocytes expressing AQP1 alone do not swell under these conditions. Fig. 3D depicts the initial swelling rates as bars for better quantification. PfAQP glycerol permeability is twice as high as that of AQP3, whereas AQP1 is not permeated by glycerol. In summary, the swelling assays demonstrate that PfAQP is highly permeable for both water and glycerol.
PfAQP contains six cysteines of which two are found in intracellular domains (loop D and the C terminus), but four are part of membrane spanning helices. Although not obviously close to the pore mouth, complexion of one or more sulfhydryl groups by mercury may be possible. Hence, we carried out PfAQP swelling assays for water and glycerol in the presence of 0.3 mM mercuric chloride. Neither the water nor the glycerol permeability was changed significantly upon mercury treatment (not shown).
Pore Selectivity of PfAQP-We then applied the isosmotic solute swelling assay to determine the pore specificity of PfAQP using a variety of sugar alcohols of up to six carbon atoms and urea. Furthermore, to test for the permeability of compounds that are known to pass the erythrocyte-parasite interface and that are used in the phospholipid synthesis of P. falciparum, we subjected oocytes to swelling assays using myo-inositol, ethanolamine, and choline. It has to be noted that the latter two molecules are positively charged at physiological pH. myo-Inositol represents the group of hydroxylated compounds with a cyclo-hexane structure in this analysis. Fig. 4 shows the initial swelling rates arranged in a descending manner (white bars). Control oocytes injected with AQP1 cRNA do not swell in the presence of any solute tested (black bars). PfAQP allows sugar alcohols of up to five carbons to pass the pore with decreasing permeability for increasing chain length (about two-thirds for C4-and one-third for C5-compounds). PfAQP is also permeated by urea with an efficiency similar to C5-sugar alcohols. More voluminous solutes such as the C6-sugar alcohols and myoinositol as well as the charged ethanolamine and choline do not pass. The pore characteristics of PfAQP can fairly be summarized as bi-specific for water and glycerol.
Mutation Analysis of the NLA/NPS Motifs and Symmetry of
PfAQP Permeability-The most evident sequence features of PfAQP are the NLA/NPS motifs in the pore region. We carried out mutation analyses to test whether these are responsible for the high water permeability. Point mutations were inserted into the wild-type PfAQP to (a) invert the orientation of NLA/ NPS to NPS in loop B and NLA in loop E (PfAQP-inv) and (b) generate NPA motifs in both loops (PfAQP-NPA). The expression of all constructs was confirmed by Western blotting with oocyte membranes (insets in Fig. 5A ). The PfAQP-inv mutant is expressed at much lower levels hinting to structural problems and degradation. First, we measured the water and glycerol permeability using the conventional swelling assays described above. Indeed, PfAQP-inv is not functional and underscores the known structural function of the pore sequences. PfAQP-NPA in turn permits water (Fig. 5A ) and glycerol permeability (Fig.  5B) . Despite the sequence changes, the swelling rates are equal within error to the wild-type PfAQP showing that the unusual pore sequences in PfAQP are not accountable for the peculiar transport properties. With respect to the NLA/NPS motifs in the pore region, PfAQP is reminiscent of the yeast aquaglyceroporin Fps1, which has the same NPA alterations but in an opposite orientation (NPS in loop B, NLA in loop E). There is indirect evidence that Fps1 facilitates glycerol permeation in an asymmetrical fashion favoring glycerol efflux from the yeast cell (23) . This led us to test whether the NLA/NPS motifs in PfAQP are responsible for asymmetrical solute flux. A direct in vitro test for pore symmetry had not been described so far. Thus, we designed an oocyte shrinking assay that generates an inverted (outwardly directed) glycerol gradient of defined concentration. We loaded oocytes expressing AQP1, AQP3, PfAQP, and PfAQP-NPA in ND96 medium with an addition of glycerol (50 and 100 mM). This medium is hypertonic to the oocyte cytosol. Hence, water following the outwardly directed osmotic gradient is replaced by glycerol entering the cells according to the inwardly directed glycerol concentration gradient. Fig. 5C shows the relative volume changes exemplary for AQP1-and PfAQPexpressing oocytes during the first 15 min of the loading process. Note the fast volume decrease due to water efflux in the AQP1 curve followed by a slow recovery carried by the nonfacilitated influx of glycerol. PfAQP-expressing oocytes show no volume change (50 mM glycerol gradient) or a steady increase up to 1% (100 mM glycerol) indicating fast equilibration. Importantly, the normal oocyte membrane tension remains basically unchanged. The equilibration was carried out for 90 min resulting in oocytes loaded with either 50 or 100 mM glycerol and an accordingly elevated internal osmolality. The loaded oocytes were then transferred into ND96 medium, which was made isotonic by the addition of 25 and 50 mM NaCl, respectively, to compensate for the internal glycerol. This resembles the conditions of the standard isosmotic solute swelling assay but in an inverted manner and with a glycerol concentration gradient of 50 or 100 mM. Higher concentrations were not feasible, because the linear phase of the resulting shrinking curves became too short for proper analysis. The measured initial shrinking rates are depicted in Fig. 5D . Note that the absolute shrinking (Fig. 5D) and swelling values (Fig. 3D ) cannot be compared, because the oocyte membrane behaves differently in both processes. Shrinking results in membrane infolding and ruffles leading to a less pronounced apparent volume change. Furthermore, linearity is given for a shorter period of time. Nevertheless, as in the swelling assays, the PfAQP wild-type and the PfAQP-NPA mutant show the same glycerol flux (50 mM). The shrinking rates are doubled at 100 mM glycerol confirming the linearity of the assay. The glycerol carried transport through AQP3 is more than 50% slower, which is again equal to the swelling data (see Fig. 3 , C and D) and can be enhanced by offering an additional water pathway (AQP3/AQP1). Oocytes expressing AQP1 alone do not facilitate glycerol efflux. Additionally, results obtained in osmotic shrinking assays testing for inverse water flux also demonstrate symmetrical permeation (not shown). These findings imply that the NPA motifs (PfAQP-NPA and AQP3) or variations thereof (PfAQP) are not associated with pore asymmetry. During the preparation of this manuscript, the pre-release of a paper in press by Bill et al. (24) became available showing an Fps1-NPA mutant, which can functionally replace the wildtype in a yeast expression system. The above described isotonic shrinking assay can now be easily applied to directly test for asymmetry in such candidates as Fps1.
Expression of PfAQP in Blood-stage P. falciparum-Having established that PfAQP is a functional aquaglyceroporin, we tested for its expression in blood-stage parasites. First, we isolated total RNA for Northern blot analysis from non-synchronized P. falciparum parasite cultures. Using a radiolabeled 402-bp DNA probe of PfAQP we detected a single band at 1.8 kb (Fig. 6A) showing that blood-stage parasites transcribe the PfAQP gene. Then, to gain information about the kinetics of the PfAQP expression during the development of the parasite we synchronized the cultures by sorbitol treatment and took samples in 12-h time intervals. Equal amounts of culture volume were analyzed by Western blotting. Fig. 6B shows that the PfAQP protein is present throughout the complete transition from rings via early and mature trophozoites to schizonts. The increase in PfAQP protein levels evenly parallels the parasite growth. The apparent protein weight shows the same anomaly as the recombinant PfAQP expressed in Xenopus oocytes (first lane). The band is not visible in uninfected red cells and can be suppressed by pre-incubation of the anti-serum with the immunizing peptide (far right lane). Finally, we used the affinitypurified anti-PfAQP antiserum for immunofluorescence staining of P. falciparum parasites in blood smears (Fig. 7) . The parasite's pigment vacuoles are clearly visible in the brightfield images. The immunostaining covers the whole parasite with some brighter patches around the rim. No staining is visible in the erythrocyte cytosol or membrane.
DISCUSSION
Although all cellular membranes have basal permeability for water and solutes, there is the need for facilitated transport when it has to occur either very rapidly or when there is only a small gradient driving the diffusion. With regard to the uptake of nutrients and biosynthetic precursors P. falciparum parasites in the host's blood stream are exposed to the latter situation. The blood concentration of glucose in healthy humans ranges between 4 and 6 mM, whereas that of glycerol is usually lower by a factor of 100 (25) . A Plasmodium infection changes this proportion probably due to the increased glucose consumption by the parasites and the resulting higher rate of lipid metabolism in the host. Serum glycerol levels Ͼ200 M have been reported in malaria patients (26) ; in one-fifth of all cases hypoglycemia with blood glucose levels below 2.2 mM is complicating the disease (27) resulting in a less than 10-fold concentration difference between blood glucose and glycerol. Other phospholipid precursors such as choline and inositol are present at only 20 -40 M in the serum (8) . These numbers indicate that the serum pool of glycerol is a reasonable supply for the glycerolipid synthesis machinery of P. falciparum.
Phosphorylation by glycerol kinase is needed to activate glycerol for the subsequent conjugation with fatty acids. Yet no publication is available showing this enzyme in P. falciparum. However, the P. falciparum genome contains the sequences of two copies of a putative glycerol kinase gene on chromosomes 9 and 13, accessible via the Plasmodium Genome Data base (accession filenames: chr9_004432.phat_1 and chr13_002042.phat_4). Because glycerol uptake and phosphorylation go hand in hand, it is very likely that a glycerol kinase is expressed together with PfAQP. In E. coli, the glycerol facilitator (glpF) and the glycerol kinase (glpK) are part of the same operon (28) . Alternatively, glycerol 3-phosphate can be generated from the glycolysis intermediate dihydroxyacetone phosphate at the cost of NADH, which provides the electrons for the chemical reduction (Fig. 8) . Ener- getically, both pathways are identical using one ATP per glycerol molecule. Nevertheless, we think that the first mechanism is preferred by P. falciparum. First, glycolysis provides intermediates that feed into other biosynthetic pathways. One vital reaction for example is the condensation of glyceraldehyde 3-phosphate and pyruvate to build isoprenoides (29) . Inhibition of this pathway by a fosmidomycin derivative suppresses the parasite growth in vitro. A depletion of glycolysis in favor of the glycerol and lipid synthesis would certainly interfere with the parasite development. Second, if high amounts of glycerol are derived from glycolysis, the loss of NADH in the reduction step leads to an accumulation of glutathione in the oxidized form and thus may contribute to cell damaging oxidative stress (30) . A glutathione-oxidizing mechanism is believed to be the principle of action of some antimalarials such as primaquine (31) . Importantly, radiolabeled precursor studies unequivocally provide evidence for the ability of the parasite to utilize serum glycerol by showing that free glycerol integrates at high levels into glycerolipids (8) . It is even thinkable that serum glycerol can serve as a backup energy source in P. falciparum when glucose uptake is restricted as in hypoglycemic states. In contrast to the mechanism described above, glycerol could replenish glycolysis by entering the pathway after phosphorylation and oxidation at the dihydroxyacetone phosphate level (Fig. 8) .
Any solute in the serum has to pass three membranes to reach the parasite cytosol. The red cell membrane poses no obstacle for glycerol diffusion even though it is not certainly known which aquaglyceroporin or other mechanism is responsible for the transport (14) . The parasitophorous vacuole membrane surrounds the parasite and derives from the red cell membrane. It is thought to be highly permeable for nutrients and even ions in the sense of a molecular sieve due to the insertion of channel proteins synthesized by the parasite (32) . The parasite membrane, finally, contains the novel PfAQP. Thus, glycerol diffusion is facilitated from the serum through all membranes to the hidden parasite. Furthermore, there are discussions that the parasitophorous duct, a membranous tubule remaining from the parasite invasion of the red cell, provides direct access to serum nutrients (33) .
Water permeability in the range or even higher than that of orthodox aquaporins lets PfAQP stand out as a unique aquaglyceroporin. The structural base for the transport properties is not clear, because the most obvious features in the pore region (NLA and NPS) are not responsible for the extraordinary high P f value. Otherwise, all sequence criteria of a typical glycerol pore are met by PfAQP (34) whereas only one apparent similarity exists to orthodox aquaporins. The length of the extracellular loop C is about that of specific water channels, which have clearly shorter loops C than aquaglyceroporins (about 21 versus 36 amino acids). Whether this property alone or any single amino acid position is accountable for the high water permeability of PfAQP is questionable. Functionally, PfAQP most likely serves as a constitutive water and glycerol pore in the parasite membrane due to the lack of dynamic modification sites, such as phosphorylation, and to the even expression levels throughout the parasite development. Its bi-functionality and the relatively mild environmental conditions at least in the blood-stage might explain why there is probably no other aquaporin coded in the P. falciparum genome.
PfAQP may very well be prototypical for single, bi-functional aquaporins of simpler species. Rare examples of organisms that express only one aqua(glycero)porin were found by genome sequencing of bacteria, such as the Mycoplasma sp. genitalium, pneumoniae, and pulmonis (see www.tigr.org). They lack a cell wall and putatively express one glycerol facilitator but no orthodox aquaporin. Nothing is known about the properties of these single glycerol pores, but one has to assume that they permit a reasonable water flux. As a eucaryote, P. falciparum may prove to be the most complex organism with a single aquaporin. Saccharomyces cerevisiae has a genome of similar complexity as P. falciparum, but it expresses two water channels (35) and a glycerol pore controlled by sophisticated regulation mechanisms (23) clearly mirroring the adaptation capabilities to changing environments. P. falciparum in turn faces osmotic stress only as free merozoites and in the ring stage before sequestration prevents the infected red cell from further kidney passages. During these passages, PfAQP might provide a pathway for rapid water movement in and out of the parasite in an orderly, membrane-protecting manner.
The malaria parasite's metabolic and biosynthetic network emerges with the progress in genome sequencing supported by experiments based on this information. From our data, we conclude that serum glycerol is likely to supply both anabolic and catabolic pathways, as a reserve fuel for glycolysis and as the backbone of glycerolipid biosynthesis, putting PfAQP in a central position in basic systems of the parasite (Fig. 8) . Obviously, PfAQP has functional and structural differences to mammalian aqua(glycero)porins. These criteria are general necessities when new drug targets are taken into consideration. Clearly, despite the availability of models and crystal structures of the prototypical glpF and AQP1 (21, 36) , aquaporins with unexpected properties such as the ion transporting AQP6 (37) and the bi-functional PfAQP call for a case by case investigation.
